the degree of perenniality in progeny seems to be related to genome dosage from the perennial parent, hence, hybrids are not truly perennial unless they have enough genome from the wild perennial parent (Cox et al. 2010 ). An alternative strategy is to use hybridisation to improve the agronomic characteristics of the wild perennial by using wheat as a donor parent for desired traits (Cox et al. 2002a ). An ongoing challenge is that wide hybridization between wheat and its perennial relatives often results in sterile or genetically unstable progeny. Yet, improvements in hybridization techniques, increased understanding of cytology and chromosome identification, the use of genetic markers, and other genetic technologies are improving the chances of success (Cox et al. 2002a) .
Despite the possibilities, justification is needed for the significant research and development required to breed perennial wheat for Australian conditions. Hence, the Some issues for the development of perennial wheat are generic and similar to those overseas. Some of these have been addressed previously by other authors, e.g., breeding techniques and approaches (Cox et al. 2002a) , disease management (Cox et al. 2005a) , physiological trade-offs between grain yield and persistence (DeHaan et al. 2005) , and nutrient supply and management (Crews 2005) ). There are a number of benefits, challenges and threats that are different from those in North America, which have not been examined. In particular, unique aspects of Australian farming systems include the low production levels due to low and erratic rainfall, infertile soils, and low inputs, low levels of tariff or subsidy protection, and the dominance of mixed crop-livestock systems (Freebairn et al. 2005; Ewing and Flugge 2004) . These differences will also mean that the perennial wheat 'crop ideotype' for Australian farming systems will certainly be different.
Potential environmental and agronomic benefits from perennial wheat
Farming systems incorporating perennial wheat could offer a number of improvements over current annual cropping systems. Firstly, they could provide environmental benefits in addition to grain crop production. Currently, land needs to be transformed from grain crop production into pasture or another non-agricultural land use to realise many of these improvements. Perennial wheat may also deliver direct economic benefits by providing livestock grazing in mixed farming systems, reducing external inputs, and improving whole-farm management.
Environmental benefits
Despite modern conservation farming techniques soil erosion and soil organic matter depletion are still substantial problems in Australia (Dalal and Chan 2001) . Perennial wheat could help in addressing both of these. Reducing soil erosion has been an important stimulus for its development in the Pacific north-west and elsewhere in North America (Scheinost et al. 2001) . Perennial crops could provide the means to surpass even the best current conservation tillage systems to further reduce the frequency of soil disturbance and provide greater levels of year-round soil protection. By providing higher levels of yearround ground-cover, perennial wheat could substantially reduce soil erosion rates compared with traditional cropping systems in a similar way to perennial-grass pastures (Silburn et al. 2007) . Perennial grasses have shown much higher potential than annual crops to increase soil organic matter and associated soil qualities such as soil aggregation, bulk density and resistance to compaction, water infiltration, activity of soil micro-and macro-flora and the release of nutrients (Franzluebbers et al. 2000; Dalal and Chan 2001) .
Restoration of these soil properties will have benefits for the future profitability and resilience of grain crop production systems.
Replacing the native perennial vegetation with farming systems based on shallow-rooted annual crops and pastures has greatly disturbed the hydrological balance of the landscape and resulted in problems such as dryland salinity, waterlogging, increased flood risk and loss of nutrients into groundwater and waterways (Hatton et al. 2004) . Evidence suggests that wild wheat grasses and perennial wheat hybrids have much more extensive and deeper root systems than annual wheat (Cox et al. 2006) . As with other deep-rooted perennial pasture grasses grown in Australia, perennial wheat would be expected to increase wateruse compared with annual crops and pastures, with associated benefits for reduced deep drainage of water. For example, by extracting approximately 50 mm more water from the soil profile, phalaris (Phalaris aquatica) and cocksfoot (Dactylis glomerata) could halve drainage below the root-zone compared with annual pastures and crops in southern Australia (Ridley et al. 1997; Dolling 2001) . This would also be beneficial by reducing or slowing the effects of waterlogging in situations where this is a problem (Setter and Waters 2003) . Perennial grasses vary in their root depth and summer activity and this can affect the amount of additional water they can extract (Lolicato 2000; Sandral et al. 2006) . There is currently no information comparing water use of perennial wheat with existing perennial pasture legumes or grasses under Australian conditions. This information would greatly improve our understanding of the hydrological benefits of perennial wheat.
Nitrogen losses under perennial wheat may be less than annual systems due to the extensive root system that can capture and mobilise nutrients from greater depths and for a longer period (Crews 2005) . In southern Australia, perennial grass-based pastures have been shown to capture more soil nitrate, so that nitrate leaching is reduced by between 5 and 12 kg N/ha/yr compared with annual-based pastures (White et al. 2000; Ridley et al. 2001b) . Other benefits of a deep-rooted perennial wheat may include the ability to penetrate shallow soils with root-zone limitations common in Australia and create 'biopores' which may allow subsequent crops to access and utilise more water and nutrients (McCallum et al. 2004) .
Direct production benefits
A clear benefit of perennial wheat is not needing to re-sow on an annual basis thus reducing weed control and fuel costs. Perennial wheat may also improve nutrient use efficiency and reduce herbicide usage. Some believe that perennial crop systems would have lower nutrient requirements than annual systems because of their higher capacity to recycle nitrogen internally, their ability to reduce losses due to greater root depth, and improved synchrony of supply and demand that would occur from release of nutrients from organic sources (Crews 2005) . A perennial grass could also have benefits for weed management by providing strong competition, which could reduce germination and seed set of annual weeds, or enable tactical grazing or cutting to reduce weed seed set (Popay and Field 1997; Dear et al. 1998; Corbin and D'Antonioa 2004) .
Another significant advantage of perennial wheat over annual cereal crops could be the potential to provide additional forage for livestock because of full use of an extended growing season. A preliminary whole-farm economic study found that contributions of forage for grazing from perennial could contribute significantly to its profitability (Bell et al. 2008) . This showed that, if perennial wheat was able to provide additional green forage for grazing after grain harvest (885 kg DM/ha), and again early in the growing season (670 kg DM/ha), then it could increase farm profitability by as much as 38% ($20/ha of farm Comment [R&LW1]: I guess the question is whether the perennial wheat offers a further extension in some or all environments over the extension already presumably gained by Richard Richards' HRZ (high rainfall zone) wheats, which use winter habit with a mandatory vernalisation requirement, to allow early planting for greater vegetative growth and early grazing, while maintaining grain yield. Richard argues we won't get any additional benefit beyond his winter wheats, but this comes down to how well the ratoon Vs plant crop can capture the first rains, and use them for transpiration and growth, while capturing leached nitrate on first rains. area) (Bell et al. 2008) . By providing green forage at a time when other sources are in short supply or reduced in quality, perennial wheat would allow livestock numbers to be increased by 44% and allow grain supplementation to be delayed (Bell et al. 2008) . Even when providing only a small amount of green forage early in the growing season (170 kg DM) perennial wheat would contribute positively to farm profit.
Whole-farm management
The use of perennial wheat may also have some benefits for whole-farm management that might prove attractive to farmers. Firstly, because seeding frequency would be reduced, farmers could adjust or reduce their capital investment in seeding and spraying equipment, or alternatively farm a larger area without the need for more machinery. This would also be beneficial by reducing labour requirements at peak times of the year such as sowing.
Secondly, the possibility of utilising perennial wheat for either grain or grazing purposes would enable greater enterprise flexibility where producers could delay their decision beyond the time of planting in response to climatic and economic conditions. For example, biomass produced by perennial wheat may be used as a forage source if livestock prices were favourable compared with grain or during drought conditions when grain yields would be low (Bell et al. 2009 ). Potential reductions in up-front external inputs such as fertiliser and herbicides (as discussed previously) may also have the added benefit of reducing risk exposure to climatic and market fluctuations.
Challenges for agronomic success of perennial wheat
Wild perennial parents may introduce negative agronomic traits (e.g., low fertility, selfincompatibility, shattering of ears, indeterminate grain ripening, awn robustness, and seed dormancy), which would need to be rectified in a perennial wheat hybrid in order for it to have similar domestication characteristics to annual wheat (Davies and Hillman 1992) . For example, compared with annual wheat, hybrids with perennial parents possess smaller grains, hence produce lower flour yields, more bran per kernel and higher levels of fibre, but had higher levels of protein (> 20%) (Becker et al. 1992; Wagoner 1995) . Few studies have investigated the grain chemistry of wild wheat-grasses, but Payne et al. (1984) propose that wild relatives of wheat could provide an alternative source of novel proteins.
Another important issue for perennial wheat is the potential physiological limitations faced for producing equivalent grain yield to an annual crop. This is reviewed comprehensively by DeHaan et al. (2005) and Cox et al. (2002) , and summarized here briefly. Many believe that because wild perennial grasses usually have lower seed yields than wild annuals, perennial grain crops will suffer from lower grain yields compared with annual crops (Wagoner 1990 ). There are competing sinks for resources in a perennial plant such as perenniating structures (e.g., stolons, rhizomes, root reserves), and mechanisms for defence and stress tolerance. Each will impose a trade-off between grain yield and plant longevity (Cox et al. 2002a; DeHaan et al. 2005) . However, a perennial plant may have a longer growing season and the ability to obtain more soil resources than its annual counterpart, and hence, DeHaan et al. (2005) believe perennials may be able to meet the extra energetic cost of perenniation while achieving equivalent grain yield. Rather than any inherent physiological constraints to seed production, DeHaan et al. (2005) argue that low seed production from perennials is a result of natural selection in environments where fitness depends more on survivorship and competitiveness than fecundity. Thomas et al. (2000) support this, suggesting that "annual and perennial traits occur time and again across the taxonomic range and that, with the right selection pressure, the propensity to generate either form of phenotype [annual or perennial] could be realised without the need for largescale genetic innovation". Plant breeding will definitely increase seed production from wild perennial plants, but for perennial wheat to be a profitable option it may not need to obtain equivalent yields to annual wheat. Economic analysis in southern Australia suggests that perennial wheat receiving the same grain price would require grain yields as low as 65% of annual wheat to be equally profitable (Bell et al. 2008 ). However, yields as low as 40% of annual wheat might still be profitable if perennial wheat was to provide forage for livestock in a mixed farming system (Bell et al. 2008) . Some Thinopyrum-wheat hybrids in perennial wheat breeding programs in North America have been shown to yield between 18 and 64% of conventional annual cultivars, although persistence was variable (Scheinost et al. 2001) 
Protection against pests and diseases
A number of new disease and pest management challenges would arise with the development of perennial wheat (Cox et al. 2005a) . Perhaps the greatest concern in Australia is the potential of perennial wheat to provide a 'green bridge' over summer which could host pathogens and provide a source of inoculum that may then proliferate early in the following growing season, infecting annual and perennial wheat alike. Diseases that require living tissue or are transmitted by insect vectors, such as leaf rust (Puccinia triticina), stripe rust (Puccinia striiformis), stem rust (Puccinia graminis f.sp. tritici), wheat streak mosaic and barley yellow dwarf viruses might be expected to be problematic if perennial wheat was active outside the annual wheat growing season. A number of perennial wheat grasses have been shown to host stripe rust and Stagonospora nodorum (septoria nodorum blotch) (Krupinsky 1997), but most studies found that these were currently a minor contributor of disease inoculum in wheat crops (Sharp and Hehn 1963; Shaner and Powelson 1973) . In most cases, the primary source of inoculum is susceptible volunteer or self sown wheat plants growing near emerging plants (Line 2002; Singh et al. 2002) . Other pathogens that might cause problems in perennial wheat are those that proliferate in continuous, no-tillage annual wheat systems, such as Pythium, Rhizoctonia and crown-rot (Fusarium pseudograminearum) (Paulitz 2006).
Our capacity to manage diseases and pests via cultural practises, like crop rotations and tillage will be reduced or removed in perennial wheat systems. A disease epidemic in annual crops is generally short-lived and ends when hosts die. Meanwhile, diseases could accumulate over a number of years of a perennial crop, especially soil-and residue-borne pathogens (Cox et al. 2005a) . Burning or grazing may be useful for pest and disease management, but breeding for genetic resistance to major disease threats will be vital to reduce risks for transmission of inoculum to other crops. Perennial grass donors typically have higher levels of disease resistance, because they are selected to persist perennially through the potential build up of disease pressure, especially viruses.
A number of perennial relatives of wheat may provide sources of resistance to major pests and diseases in addition to perenniality (Table 1 and (Friebe et al. 1996; Zhang et al. 1996; Cox et al. 2002b; Cox et al. 2005b ). Resistance to powdery mildew (Blumeria graminis f.sp. tritici) has been identified in the genera Australopyrum (native to Australia), Elymus, Thinopyrum and Secale montanum (Wang et al. 1993; Li and Wang 2009) . Secale montanum has also been found to possess useful resistance to BYDV, WSMV, and tan spot (Wang et al. 1993; Cox et al. 2005b ). However, little information exists of the potential of perennial wheat-grasses as sources of resistance to common root or crown pathogens such as foot rot (Fusarium culmorum), crown rot (Fusarium pseudograminearum), Take-all (Gaeumannomyces graminis var. tritici), damping off/root rot (Pythium spp.), common root rot (Cochliobolus sativus) or Rhizoctonia.
Potential for tolerance to challenging environments in perennial wheat
While issues of grain yield and quality are broadly important, the range of adaptive traits required for perennial wheat to persist and be productive in Australia's climate and soils is likely to differ substantially from those needed in North America and other regions where most perennial wheat development has previously been conducted. For example, a high level of cold/freezing tolerance is an important criterion in regions with very low temperatures in winter, but would not be necessary in Australia. However, tolerance of water deficit and capacity to tolerate poor soil conditions will be needed in perennial wheat in Australia. To this end, there may be significant opportunities to utilise perennial wild relatives of wheat with greater tolerance of some abiotic and biotic stresses, that could enable perennial wheat to occupy niches where current performance of annual wheat is poor (Table 2) .
Amongst the perennial Triticeae, Australia also possesses several native species and a number of exotic naturalised species that could prove a useful source for adapted perennial wheat relatives (Fig. 1) . For example, at least two species of Elymus and two Australopyrum species native to Australia (Jones 1999; Murphy and Jones 1999) could be investigated as potential parents for perennial wheat. In particular, Elymus scaber may be of interest as it is widely distributed across Australia's cropping zones (Fig. 1a) , and has performance of temperate perennial grasses, while tropical perennial grasses are well adapted. Hence, the suitability of perennial wheat to these regions is uncertain; even though annual wheat is grown, its success relies on storing soil water during a summer fallow.
INSERT FIG 2 HERE
Three strategies will contribute to the adaptation of perennial wheat to environments of increasing aridity. Firstly, the ability of the plant to 'escape' the periods of most severe water deficit would be achieved via appropriate phenology (as in annual wheat) and summer dormancy. Summer dormancy in temperate perennial grasses (e.g., cocksfoot, tall fescue [Festuca arundinacea]) is associated with increasing persistence in semi-arid environments, and in particular, environments with long dry summers (e.g., Mediterranean climates in southern Australia) (Reed 1996; Norton et al. 2005) . Hence, a similar strategy of summer dormancy in perennial wheat may also enable it to persist in the drier regions of Australia's cropping zone. While a rhizomateous habit may assist summer survival, this trait is discouraged because of its association with weediness. Secondly, the ability to 'avoid' or minimise water deficit at times critical to grain production (i.e. anthesis and grain filling) are important, via roots that access deep soil water. Perennial wheat, because of a more extensive root system, should have advantages over annual wheat in accessing sub-soil water which is particularly valuable for increasing grain yield and crop water-useefficiency (Kirkegaard et al. 2007 ). However, because perennial plants utilise sub-soil water or rainfall outside the growing season the capacity to store sub-soil water that is used during grain fill depends on wet growing season conditions (Lilley and Kirkegaard 2007).
Hence, in drier environments the benefits of accessing sub-soil water would be obtained infrequently or in the first year after sowing. Thirdly, mechanisms by which plants can slow water loss or tolerate water deficit (including some decline in plant water status) can assist plant response as water deficit intensifies. Tolerance traits include osmotic adjustment, dehydration tolerance, epidermal conductance, cell wall extensibility or compatible solutes. Perennial native grasses that persist in arid environments may have some tolerance traits to seek to emulate in perennial wheat. However, tolerance often comes at the expense of agricultural productivity (discussed previously).
While little information is available on the strategies to overcome water stress in perennial relatives of wheat, Thinopyrum junceum (syn. Elytrigia juncea), Th. intermedium (syn.
Elytrigia intermedia) and Th. elongatum (syn. Elytrigia elongata) have been suggested as potential sources of improved drought resistance in annual wheat (Fedak 1985) . Tall wheatgrass (Thinopyrum ponticum) is also persistent in low-rainfall environments in southern Australia (Fig 1b; Smith 1996) , suggesting it has some valuable drought tolerance. Other exotic wheatgrass species, crested wheatgrass (Agropyron cristatum), desert wheatgrass (Agropyron desertorum) and Siberian wheatgrass (Agropyron fragile) are very tolerant of arid conditions and are sown as forage species in rangeland regions of the United States with annual rainfall less than 350 mm (Frank 1994). However, the tolerance of water deficit for many perennial relatives of wheat is largely untested in Australia. Some Australian native perennial Triticeae, in particular, Elymus scaber because of it wide distribution (Fig. 1a) , could provide some material adapted to Australia's climatic environments. Overall, the capacity to develop perennial wheat material persistent in arid environments seems promising, with perennial wheat hybrids in North American breeding programs surviving in 300 mm rainfall environments in Washington State (Murphy et al. 2007 ).
Comment [R&LW2]: correct general word in relation to alternative strategies

Tolerance of soil constraints
In addition to the arid environment, many of Australia's agricultural soils have significant constraints which limit their current grain production potential. Some prospective parents of perennial wheat have significantly higher tolerance to soil acidity, mineral toxicities, soil salinity and waterlogging which all currently reduce wheat yield in many parts of Australia's grain-belt (Table 2) . Significantly, areas where these constraints are important (especially salinity and waterlogging) are also those where the greatest benefits can be obtained by returning land to perennial vegetation (Pannell and Ewing 2006) . Soil acidity and associated toxicities of Al and Mn are a major limitation to current wheat production in many parts of Australia (Tang et al. 2003) . While there are few studies of acidity tolerance per se in perennial Triticeae, there are a number of perennial Triticeae that have been found to have higher levels of Al and Mn tolerance than annual wheat (e.g., Thinopyrum bessarabicum) (Manyowa and Miller 1991 (Gorham et al. 1984; Gorham 1994; Greipsson and Davy 1996) .
Waterlogging is also an important problem for wheat production in Australia (Setter and Waters 2003) , and is especially problematic when combined with the effects of salinity (Colmer et al. 2006) . Few perennial relatives of wheat have been evaluated for their waterlogging tolerance (most studies have focussed on annual relatives), but species originating from marshy environments might have suitable adaptations. The perennial wetland species Lophopyrum elongatum (syn. Thinopyrum elongatum) has been suggested as a source of improved waterlogging tolerance in wheat (Taeb et al. 1993; McDonald et al. 2001 Soil chemical infertility and soil physical constraints such as low soil water holding capacity, high soil strength, hardpans or poorly structured subsoils also significantly reduce the productivity of annual wheat in Australia (Passioura 1992). The longer-lived and larger root system of a perennial wheat may improve penetration of difficult sub-soils improve access to water and nutrients in deeper soil layers. The larger root system of a perennial wheat and/or the ability to form symbiotic relationships with arbuscular mycorrhizal fungi would also enable perennial wheat to access reserves of immobile nutrients like phosphorus from the soil.
Other perennial cereal alternatives for difficult agro-environments
While the main focus may be to develop perennial wheat, there may also be diverse opportunities for other perennial cereal crops which could have advantages over wheat in some situations. For example, perennial triticale could be produced from hybrids between Triticum species and Secale montanum with advantages over wheat due to its greater tolerance of acid soils (and high aluminium levels), low nutrient availability, drought and temperature stress (Jessop 1996) . Hybridisation of Triticum with S. montanum should also be easier than with S. cereale (used to develop existing triticale), because the former is thought to be more closely related to wheat (Appels 1982) . Perennial grain rye using S. montanum has also been the target of some efforts internationally, and could improve the rooting depth, drought and heat tolerance of rye, but past efforts have encountered problems maintaining both perenniality and fertility (Reimann-Philipp 1995) . In Australia,
S. montanum has been breed as a forage grass and hence adapted and agronomically suitable germplasm is likely to be available and may provide a useful starting point for any efforts to develop either a perennial rye or triticale (Oram 1996) . In addition, we should not discount direct domestication of already adapted native Australian grasses such as Microleana stipoides (Davies et al. 2005) .
Warm season perennial cereals, such as sorghum and pearl millet, may also be better suited in Australia's northern grain growing zone where rainfall is summer dominant. In these environments, commercial sorghum crops regularly ratoon after harvest and sometimes survive for more than one year, unless they encounter frost. Hence, breeding a perennial sorghum seems reasonably attainable. For salt affected land, an option might be the salt tolerant grass, Distichlis palmeri which has also been identified as a potential grain crop (Yensen et al. 1988) .
Fitting perennial wheat into farming systems
Despite the many challenges for creating an adapted, and agronomically successful perennial wheat, there are a variety of farming systems in which perennial wheat may fit.
Likely farming systems for perennial wheat may include current or emerging systems (e.g., phase rotations, companion or relay cropping), but some new or adapted systems may also emerge as a consequence of perennial wheat's agronomic qualities. Persistence or stand longevity will have the greatest influence on the use of perennial wheat in farming systems. Hence, different uses of perennial wheat may be appropriate in different agriclimatic zones where its capacity to persist may be affected by length and severity of periods of water deficit.
Phase rotations
An ideal system for perennial wheat would involve a 2-4 year phase of perennial wheat followed by a phase of annual crops or pastures. Perennial wheat may suit such a system in situations where plants are not long-lived and plant populations or productivity decline over a number of years. In a similar way to lucerne (Medicago sativa), perennial wheat could provide hydrological benefits by depleting sub-soil water content and then allowing this dry soil buffer to refill during subsequent years of annual crops or pastures (Ridley et al. 2001a; Ward 2006) . Such a system is also self regulating. In low rainfall environments, the length of the perennial phase would be shorter because sub-soil water reserves are depleted and productivity declines more quickly, but in these environments drainage events are less frequent, and longer phases of annual crops can be accommodated before dry subsoils are refilled (Ward 2006) . On the other hand, like perennial pastures, perennial wheat persistence may be better in higher rainfall zones, and hence, allow longer rotations where a greater proportion of perennial wheat is needed in crop rotations to reduce the higher drainage and runoff rates in these environments (Ward 2006) . Perennial wheat suitable for these phase rotation systems would need to produce grain in the first year, and be cheap and reliable to establish and remove.
Variations on conventional systems
In situations where perennial wheat persistence is unreliable, it may still be able to extend the growing season to utilise out-of-season rain or sub-soil water to provide grazing opportunities early in the season and/or after grain harvest. Such a perennial wheat genotype with uncertain year-to-year persistence would require grain yields similar to annual wheat and, in most years, would be analogous to using a long-season dual-purpose wheat. However, in favourable years when the perennial wheat was able to persist adequately, this may allow an opportunistic crop or may be used as a pasture in the subsequent year. By reducing the requirement for longevity and/or allocation of resources to survival strategies, higher grain yields might also be achievable more immediately.
However, perennial wheat in this system would require similar cost and ease of establishment and management, and productivity would need to be similar to annual wheat.
Perennial polyculture
Some believe that the ultimate system for perennial grain production would involve a permanent 'polyculture' mixture including warm-and cool-season perennial grasses, perennial legumes and composites that mimic their natural prairie systems (Piper 1998).
Perennial mixtures are thought to be more sustainable than pure stands, and have been shown experimentally to produce more grain yield and biomass from mixtures compared with monocultures of each species (Piper 1998; Weik et al. 2002) . This is because there were synergies between the functional groups, such as legumes compensating for low N supply. Realising successful polycultures would require species that complement one another spatially, seasonally or in nutrient requirements, so that (a) land, labour or resources are used more efficiently; (b) yield is increased; (c) losses to insects, diseases, and weeds are reduced; or (d) yield variation is reduced (Piper 1998). The development of such a system is an ambitious undertaking and its complexity would bring challenges.
Water limitations during the wheat growing season in many Australian cropping systems, may impose significant competition between components of a mixture, especially amongst competitive perennial species. Hence, to obtain many of the benefits of mixtures, while minimising competition, companion or relay cropping systems may be an alternative.
Companion or relay cropping
Companion or relay crops may be needed to maintain productivity of long-lived and persistent perennial wheat by providing inputs of nutrients and reducing disease pressures.
In more arid environments, where lower densities of perennial plants persist, companion cropping could be a good strategy for increasing productivity. In higher rainfall regions of southern Australia, a companion crop could be grown at the same time as the perennial wheat during the moist winter-growing period without excessive competition for water.
For example, a companion sowing of an annual grain crop such as wheat or a winter grain legume could be used to maximise use of excess water and increase productivity or grain yield outputs. Instead, inputs of nitrogen might be obtained by growing an annual pasture legume (e.g., medic or clover) under perennial wheat. Alternatively, a relay system might be more suitable in regions with more summer rainfall, where a crop or forage is sown or regenerates after the harvest of the perennial wheat. Annually, decisions on whether or not to companion or relay crop the perennial wheat could be made tactically based on seasonal prospects, the requirements for nitrogen inputs, disease pressures and perennial wheat numbers.
Taking 'Perennial wheat' forward in Australia
Perennial wheat would radically change Australian agriculture if its development was successful, and should provide substantial benefits to the sustainability and flexibility of our farming systems whilst maintaining cereal grain production. While the pay-off may be large, undoubtedly the development of practical and adapted genotypes of perennial wheat would require a large and prolonged effort and a number of constraints would need to be overcome. But, a staged investment, with increased investment occurring with increased certainty of a useful outcome and as more information and interim goals/outcomes are achieved along the way, would help minimise the investment risk (Bell et al. 2008) . In particular, the size of the applicable area for perennial wheat in Australia greatly influences the potential benefits relative to the costs of development (Bell et al. 2008) and better information about the likely geographic scope of perennial wheat would provide greater confidence for further investment.
Two key requirements must now be satisfied to verify the concept of perennial wheat.
Initially investigation of growth, phenology and agronomic suitability of existing perennial wheat hybrids from US germplasm would assess if any of this material is adapted enough to Australia's cropping zone for direct application, or if an Australian breeding effort would be needed with more locally adapted material. The second aspect of this work would examine pseudo-perennial wheat systems based on perennial forage grass proxies to explore desirable adaptive traits (e.g., summer dormancy, water and nutrient use efficiency), and to develop productivity benchmarks. In a similar way, researchers in North America are using harvested perennial forage-grass systems as a proxy to investigate the potential benefits and challenges for a perennial cereal system (Glover et al. 2010) .
Farming systems simulation modelling may also play a valuable role here. Existing crop models might be adapted to reflect the anticipated characteristics of perennial wheat to investigate the implications for a range of issues such as risk of production, adaptation or relative advantage of perennial wheat in particular environments (e.g., soil types, low rainfall environments), and to quantify the environmental benefits that could be achieved.
These models may also prove useful for identifying key agronomic and physiological traits to inform future breeding programs for perennial wheat.
Subsequent work would involve bringing together the necessary germplasm to initiate scoping and testing of desirable material for breeding programs. Identification of appropriate germplasm with adaptive traits suited to Australia will be an important step.
Most work in North America and elsewhere has been conducted on perennials adapted to moist temperate environments, while Australian germplasm will require greater tolerance of heat and drought stresses (as discussed earlier). Improving our scientific understanding of the physiology and genetics of 'perenniality' and, in particular, the ability to link desired attributes with genetic markers would greatly improve the capacity to screen and breed perennial wheat.
Along the long path to develop a perennial wheat, there are some interim products or goals that might be more immediately achievable and applicable to compliment current cropping systems. For example, an initial target may be a dual-purpose perennial wheat-grass suitable for grazing with opportunistic grain production, where grazing can offset the poorer grain quality and/or lower grain yields. Hence, issues such as quality of forage and ability to produce growth early in the growing season may be important drivers for profitability (Bell et al. 2008) . Such a perennial cereal itself could be a valuable prospect that only requires modest transformations of a perennial forage grass. As grain quality and grain yields approach those of annual wheat, the imperative of grazing may become less important. Initially, perennial wheat may only find a use as a supplement to normal cereal production in difficult environments or to provide niche foods or products, so the ability to persist and tolerate difficult environments will be desirable. 1(c) 
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